Introduction cleotide triphosphate hydrolysis by membrane-bound Rab5 in situ have also shown that the active form of the Most membrane-bound compartments in the cell exprotein is very unstable, and the nucleotide is subjected change their contents both vectorially by vesicular to rapid hydrolysis catalyzed by GTPase activating-protransport and by homotypic interactions (Rothman and teins (GAPs) . These data suggest that only a small fracWarren, 1994). The molecular principles governing memtion of Rab5 is active on the membrane at any given brane traffic have been investigated by a combination time and can, therefore, recruit Rabaptin-5 to engage of cell-free biochemical studies and yeast genetics. The the membrane docking and fusion machinery. SNARE hypothesis Rothman and War- Here we have used an overlay assay to reveal multiple ren, 1994) has led to the proposal that vesicle docking Rab5-interacting proteins in cytosol extracts, including and fusion requires the activity of the ATPase N-ethyla novel 60 kDa protein. We find that this protein is commaleimide-sensitive factor (NSF) and soluble NSF attachplexed to and that this complex, but not ment proteins (SNAPs) and is mediated by the specific Rabaptin-5 alone, rescues the inhibition of endosome pairing of two classes of integral membrane proteins, fusion in vitro upon immunodepletion of Rabaptin-5 from cytosol. This demonstrates that Rabaptin-5 exists in a complex essential for endocytic membrane docking/ § To whom correspondence should be addressed.
fusion. Finally, using a novel mass spectrometric method
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for peptide sequence determination , we cloned p60 and demonstrated that it shares high sequence homology with yeast Vps9p and acts as a specific GDP/GTP exchange factor for Rab5.
Results

Identification of Novel Rab5-Interacting Proteins
To search for Rab5-interacting factors, we have previously used the yeast two-hybrid system to screen for molecules interacting with the active form of the protein . We have now established an overlay assay to probe a cytosol extract from HeLa cells with Rab5 in the presence of [␣- Figure 1a , lane 4) and all mouse tissues examined, including liver, pancreas, heart, spleen, lung, thymus, and kidney (data not shown), suggesting that p60 is ubiquitously expressed. Rabaptin-5 was not visible by this technique using total cytosol but was detected upon enrichment by ammonium sulfate precipitation (0% to 30%, AS0-30; Figure 1a , lane 4) as shown independently by Western blot analysis (see below). Two more bands of 70 kDa and 50 kDa were also detected. Thus, by the overlay approach, we have uncovered novel Rab5-interacting proteins in cytosol.
Cofractionation of Rabaptin-5, p70, and p60
We wanted to determine whether these Rab5-interacting proteins cooperate with Rabaptin-5 in endocytic traffic. A clue to this problem came when native Rabaptin-5 was purified, and fractions of sequential column chromatography separations were analyzed by immunostaining with ␣-Rabaptin-5 antibody and by Rab5 overlay. Rabaptin-5 eluted with an apparent Mr of ‫2ف‬ mDa by Superose-6 chromatography ( Figure 1b) . However, by sedimentation on linear glycerol gradient (data flects the rod shape of the molecule. Interestingly, Rab5
In lane 4, 100 g of the bovine brain cytosol AS0-30 fraction was overlay revealed that p70 and p60 cofractionated with analyzed by the same method using [␣-32 P]GTP and Rab5.
Rabaptin-5 throughout the purification procedure (Table   (b Table 1 . Fractions from Superose-6 gel filtration 1c) chromatographic steps. Also, p50 could be de-(b) followed by Mono Q anion exchange chromatography (c) were analyzed (from top to bottom) by absorbance at 280 nm, by the in tected, albeit weakly, by Rab5 overlay (data not shown).
vitro homotypic early endosome fusion assay, by SDS-PAGE and
The same 70 kDa protein detected by Rab5 overlay
Western blot using an affinity purified polyclonal ␣-Rabaptin-5 anti-( Figure 1a ) was also revealed by the ␣-Rabaptin-5 antibody (for Rabaptin-5 and p70), and by the Rab5 ligand overlay (for body (Figures 1b and 1c ). This protein may therefore p60). The elution profile of the molecular standards (Bio-Rad) in the correspond to a Rabaptin-5-like protein.
gel filtration are also shown.
We next tested each fraction from the purification scheme for an effect on homotypic endosome fusion. Our assay measures complex formation between biotinsolubilized membranes. Some fractions inhibited fusion, consistent with the presence of Rab GDI (data not ylated transferrin internalized in one endosome population and ␣-transferrin antibodies in another (Woodman shown) . Others had a stimulatory activity that was detected in a single peak from the Superose-6 (Figure 1b ) and Warren, 1988) . These data are scored as a percentage of basal fusion, whose overall efficiency is routinely and Mono Q (Figure 1c ) chromatography, indicating that these fractions contain limiting factors for endosome within 10% to 20% of the total signal obtained with fusion in vitro. Interestingly, as stated above, these fractions contained Rabaptin-5, p70, p60, and p50. The final purification step relied on the inherent ability of cytosolic Rabaptin-5 to bind Ni-agarose beads. p70 bound to Niagarose but was washed with 10 mM imidazole and thereby separated from Rabaptin-5 as detected by Rab5 overlay and Western blot with ␣-Rabaptin-5 antibody ( Figure 2a , lanes 2 and 3, respectively). The bound fraction (referred to as the Ni elution fraction), contained Rabaptin-5, p60, and p50 and, despite the absence of p70, retained the ability to stimulate potently endosome fusion (see below). The role of p50 is presently unclear, and, given its variable intensity, this band may correspond to a degradation product of p60. We conclude that the presence of Rabaptin-5 and p60 correlates with the stimulatory activity on the early endosome fusion in The finding that p60 can be immunoprecipitated tonoise ratio in the lower part of the spectrum, the sequence could gether with Rabaptin-5 suggests that the two proteins be unambiguously read out due to isotopic labeling of the C terminus copurify because they form a tight complex.
of the peptide.
Since p60 is the major band detected by the Rab5 overlay method and p70 is recognized by the ␣-Rabaptin-5 antibody, we proceeded with the characterization a set of fragment ions by breakage of adjacent peptide bonds. Fragments differ by the mass of one amino acid, of these two proteins. Large-scale immunoprecipitation with the ␣-Rabaptin-5 antibody yielded Coomassieallowing therefore the readout of a partial sequence. However, it is often difficult to assign a fragment series stainable bands in SDS-PAGE (data not shown). The bands for p60 and p70 were excised, digested with unambiguously because of intervening ions caused by other types of fragmentation. One way to resolve this trypsin, and the unseparated peptide mixtures sequenced by nanoelectrospray tandem mass spectromeambiguity is to label chemically the C terminus by incorporation of an
18
O isotope (Shevchenko et al., 1997) . All try . In brief, peptides from an unseparated mixture were isolated in the C-terminal fragments (YЈЈ ions) appear as 16 O/ 18 O isotopic doublets in the fragment spectrum (Figure 2b ; turn, transmitted into an argon-filled collision zone in the mass spectrometer where they fragmented, and the see Experimental Procedures). For p60, Edman degradation was additionally performed. The partial sequences fragment ions mass analyzed in a second part of the mass spectrometer (MS/MS). Each peptide generated obtained for p70 identified the protein as Fos-related with Rabaptin-5 (data not shown) and binds specifically to Rab5:GTP. This explains why p70 was immunoprecipitated and detected by the ␣-Rabaptin-5 antibody and by Rab5 overlay. The partial peptide sequences for p60 (Table 2) did not show significant homology with already identified proteins in data libraries. A polyclonal antibody was produced against one of the p60 peptides (underlined in Table 2 ; spectrum in Figure 2b ). As predicted, this antibody recognized a single 60 kDa band in bovine brain cytosol (Figure 2a , lane 6) and stained the corresponding p60 detected by Rab5 overlay on 2-D gel (data not shown). Besides this protein, the antibody immunoprecipitated Rabaptin-5 and p70 from cytosol, while the preimmune serum did not (Figure 2a , lanes 7 and 8). Thus, p60 and Rabaptin-5 can be reciprocally immunoprecipitated with the two antibodies, confirming their association in a complex. Taken together, the coimmunoprecipitation and fractionation data suggest that p60 forms a distinct complex with p70.
p60 Exhibits High Sequence Homology with Vps9p
One of the peptides from p60 (NLDLLSQLNERQER) perfectly matched the deduced amino acid sequence of an expressed sequenced tag (EST) derived from soares senescent fibroblast library (accession #W44319). Using antisense oligonucleotides derived from this sequence acid stretch (aa 400-450) exhibits high probability for a coiled coil domain. Most importantly, sequence analysis of full-length p60 using the BLAST and BEAUTY programs revealed significant homology to a previously reantigen (accession #U34932), which we have independently identified using the yeast two-hybrid system for ported sequence, Vps9p (Swiss-Prot accession #P34756), a protein implicated in endosome to vacuole transport interaction with Rab5Q79L (Gournier et al., unpublished data) . This protein shares extensive sequence homology in yeast Saccharomyces cerevisiae (Burd et al., 1996) . The sequence alignment between p60 and yeast Vps9p obtained using the ClustalW 1.6 and BOXSHADE programs is shown in singleletter amino acid code. Black boxes indicate amino acid identity, and shaded boxes indicate conservative amino acid substitutions. The six peptide sequences obtained by mass spectrometry and Edman degradation are underlined. way, we also examined the requirement for the Rabaptin-5-p60 complex in the heterotypic fusion between Given that the recombinant protein appears to be active, based on its ability to bind Rab5:GTP (Stenmark et al., clathrin-coated vesicles (CCV) and early endosomes, as this is an established transport step in endocytosis. We 1995) and to inhibit its GTPase activity in vitro (Rybin et al., 1996) , this signals the requirement for both compoused CCV containing biotinylated transferrin as donor membrane in the in vitro assay (Woodman and Warren, nents of the complex to stimulate fusion. To confirm that this stimulation is indeed due to the complex and 1991). Similar to the homotypic fusion reaction, addition of the Ni fraction containing the Rabaptin-5-p60 comnot to other proteins present in the fraction and that the complex is essential for endosome fusion, the Ni elution plex resulted in a 3-fold stimulation of CCV-early endosome fusion (Figure 4d, lanes 1 and 3) , whereas immunofraction (Figure 4b, lanes 1-3) and HeLa cytosol ( Figure  4b , lanes 4-6) were immunodepleted with an ␣-Rabapdepletion of Rabaptin-5 from the cytosol inhibited the reaction (Figure 4d , lanes 4 and 5). Fusion activity was tin-5 antibody. Both Rabaptin-5 and p60 were efficiently depleted (Figure 4b, lanes 3 and 6) , indicating that all again restored by adding the Rabaptin-5-p60 Ni fraction but not when it was depleted with ␣-Rabaptin-5 antibody detectable p60 in that fraction is engaged in a complex with Rabaptin-5. Early endosome fusion was ATP-and ( Figure 4d , lanes 6-8). cytosol-dependent (Figure 4c, lanes 1-3) and stimulated by the Ni elution fraction (Figure 4c, lane 5) . The stimula-
The Rabaptin-5-p60 Complex Stimulates Nucleotide Exchange of Rab5 tion observed with the fraction required the addition of cytosol (Figure 4c, lane 4) . The stimulation of fusion over Both Rabaptin-5 and p60 individually bind Rab5. We next examined whether both proteins could be recruited the basal reaction, however, was completely abolished if Rabaptin-5 and p60 were immunodepleted from the by Rab5 immobilized on protein A-agarose beads and determined the nucleotide requirefraction (Figure 4c, compare lanes 1 and 7) , indicating that the stimulatory activity is in fact due to the complex. ment in this interaction. Neither cytosolic Rabaptin-5 Rab5, i.e., complexed to Rab GDI, or whether its activity required the release of Rab GDI from Rab5. The Rabaptin-5-p60 complex stimulated the dissociation of GDP from prenylated Rab5 alone, but the activity was markedly inhibited when Rab5 was complexed to Rab GDI (Figure 6c, lanes 1 and 2) . In contrast, as previously reported (Horiuchi et al., 1995a) , purified CCV stimulated GDP dissociation from Rab5 in a reaction that required the presence of Rab GDI (Figure 6c, lanes 3 and 4) . Thus, unlike CCV, Rabaptin-5-p60 does not have GDI release activity, indicating that the complex acts after GDI has been released from Rab5 at the membrane. Accordingly, p60 stimulated nucleotide exchange on Rab5 bound to early endosomes. Early endosomes were the protein as previously described (Ullrich et al., 1994) . . Surprisingly, while recombinant Rabaptin-5 bound onstrate that p60 is a specific guanine nucleotide exonly to GTP␥S-Rab5 ( Figure 5 , bottom panel), cytosolic change factor for Rab5. We therefore name this protein Rabaptin-5 was also recruited together with p60 by nuRabex-5, for Rabaptin-5-associated exchange factor for cleotide-free Rab5 ( Figure 5, top panel, lane 4) . Given the Rab5. preferential association of GDP/GTP exchange factors with the nucleotide-free form of small GTPases, these Discussion observations raised the possibility that the complex may exert nucleotide exchange activity on Rab5.
We have previously identified a Rab5 effector, Rabaptin-5, The Ni elution fraction containing the Rabaptin-5-p60 which is required for endocytic membrane fusion. Here, complex potently and specifically stimulated the binding two distinct approaches, the overlay technique and bioof distinct interaction properties. Rabaptin-5 displays change was dependent on the concentration of the Rabbinding typical of effector molecules for small GTPases, aptin-5-p60 complex, and its immunodepletion abolsince it interacts with Rab5 in a GTP-dependent manner, ished the activity (data not shown), indicating that is recruited by Rab5 on the endosome membrane nucleotide exchange was specifically catalyzed by the , and slows down GTP hydrolysis complex. (Rybin et al., 1996) . In contrast, Rabex-5 preferentially To determine which protein in the complex has exinteracts with the nucleotide-free form of Rab5 and catachange activity, bacterially expressed Rabaptin-5 and lytically promotes GDP/GTP exchange. These novel p60 were purified and tested for their ability to increase findings show that a GDP/GTP exchange factor exists the rate at which GTP binds to Rab5. Recombinant in a complex with an effector protein and imply that Rabaptin-5 alone could not stimulate nucleotide exthe Rabaptin-5-Rabex-5 complex couples nucleotide change (Figure 6b) , consistent with the lack of binding to exchange to effector recruitment. These results have nucleotide-free Rab5 ( Figure 5 ). In contrast, bacterially important implications concerning membrane transport expressed p60 had a potent stimulatory activity on the both in yeast and mammalian cells. binding of [
35 S]GTP␥S to Rab5 but not to Rab7 ( Figure  6b) . The rate at which [ 35 S]GTP␥S was loaded on Rab5 was 10-fold higher than the intrinsic rate and required
Rabex-5 May Be the Mammalian Homolog of Vps9p
Sequence analysis revealed similarity between mammasubstoichiometric amounts of p60, indicating that p60 acts catalytically.
lian Rabex-5 and S. cerevisiae Vps9p. VPS9 belongs to the class D mutants defective in vacuolar protein sorting Next, we examined whether the Rabaptin-5-p60 complex could catalyze GDP/GTP exchange on cytosolic (vps) (Raymond et al., 1992; Burd et al., 1996) . Cells disrupted for VPS9 mislocalize and secrete soluble vac- (Burd et al., 1996) . Unlike Rin1, however, Rabex-5 exhibits an interaction pattern different from that of an effector uolar hydrolases and accumulate 40-50 nm diameter vesicles presumably containing vacuolar protein precur-(i.e., like Raf or Rabaptin-5). The significance of the sequence conservation between Rabex-5, Vps9p, and sors. Interestingly, another member of the class D vps group, VPS21, is a mutated allele of YPT51 that encodes Rin1 is not clear, but it may reflect the existence of a novel class of factors interacting with Ras-like GTPases. a protein sharing structural and functional homology with mammalian Rab5 (Horazdovsky et al., 1994 ; SingerSurprisingly, Rabex-5 does not share sequence homology with p619 (Rosa et al., 1996) , Rab3GEF (Wada et Krü ger et al., 1994 , 1995 . Vps9p has been proposed to be the functional equivalent of Rabaptin-5 in yeast (Burd al., 1997) , Sec2p (Walch-Solimena et al., 1997), Dss4p, or mss4 (Burton et al., 1993; Moya et al., 1993 Moya et al., ), previously et al., 1996 . Our findings instead suggest that Vps9p may be the yeast homolog of Rabex-5 and may act as identified or potential nucleotide-releasing factors for Rab proteins. While Rabex-5 is specific for Rab5 and a nucleotide exchange factor for Ypt51p/Vps21p. Rab5 and Rabex-5 are thus evolutionarily conserved compodoes not stimulate exchange on Rab7, mss4 displays a broad range of specificity for Rab proteins of the secrenents of the machinery that regulates vesicular transport. The function of Rabaptin-5 in yeast may be carried tory pathway (Burton et al., 1994) . Perhaps, multiple nucleotide exchange factors serve to tune finely the out by another member of the class D vps group (Raymond et al., 1992) . activity of Rab proteins. Similarly to Vps9p (Burd et al., 1996) , Rabex-5 shares sequence homology with Rin1 (15.2% identity), a human Rab Effectors Besides Rabaptin-5, several other potential effectors for protein implicated as a H-Ras effector (Han and Colicelli, 1995) . Although the overall homology is limited between Rab proteins are known. Rabphilin-3a has been found to bind Rab3a (Shirataki et al., 1993) and to enhance Rabex-5 and Rin1, most of the identity lies within three distinct domains also conserved in Vps9p, previously regulated secretion (Chung et al., 1995) . Rabin3 is another protein that specifically interacts with Rab3a and referred to as GBH domains (GTPase-binding domains) Rab3d (Brondyk et al., 1995) . A GC-like serine/threonine protein kinase may act as a putative effector of Rab8 (Ren et al., 1996) . It is striking to note that these molecules do not share significant sequence homology, suggesting that Rab proteins may transmit their function through structurally distinct effectors.
In relation to this, the results of the overlay assay, which has uncovered Rab5-interacting proteins, are highly informative. Besides Rabaptin-5 and Rabex-5, we could identify 70 and 50 kDa Rab5-binding proteins. The identity of p50 is, at the moment, not clear and requires further investigation. In the case of p70, the findings that this protein is recognized by the ␣-Rabaptin-5 serum, shares high sequence similarity with Rabaptin-5 (Gournier et al., unpublished data), and forms a distinct complex with p60 suggest that it may correspond to a second Rab5 effector.
A Complex of a Rab Effector and an Exchange Factor
The most unique aspect of Rabex-5 as an exchange factor is that it exists in a soluble complex with Rabaptin-5. First, Rabaptin-5 and Rabex-5 are tightly bound even in the presence of high salt and detergent. Second, both form where nucleotide exchange launches the protein (c) Another possibility is that each single complex of into the active cycle (Ullrich et al., 1994) . Rab5 then and Rabex-5 act on neighboring Rab5 molecules. In this case, local clustering of active Rab5 would occur on the membrane (see text hydrolyzes GTP with fast kinetics independently of for details). membrane fusion, suggesting that the bulk of Rab5 is efficiently downregulated by GAP(s) (Rybin et al., 1996) . In light of our present data, Rabex-5 is the GDP/GTP exchange factor that activates Rab5 upon membrane and Rabaptin-5-Rabex-5 complexes at the docking site. The Rabaptin-5-Rabex-5 clusters would remain stable association. In addition, the binding of Rabaptin-5 would delay GTP hydrolysis. In concert, the two proteins would on the membrane until GTP hydrolysis catalyzed by GAPs would progressively release the complexes back thus modify the timing of the GTP cycle by shifting the equilibrium in favor of the GTP-bound conformation (Fig- into the cytosol (Figure 7c) . Interestingly, the addition of exogenous recombinant Rabaptin-5 inhibits fusion. ure 7a). The result would be a stable pool of activated Rab5 on the membrane (Figure 7b ), increasing the prob-A possible interpretation would be that, although Rabaptin-5 would stabilize endogenous active Rab5, there ability of a productive docking and fusion event. Rabex-5, however, would not activate Rab5 in the cytowould be no amplification of the molecules into clusters in the absence of the complex. Alternative mechanisms sol where it is complexed to Rab GDI, because its action is subsequent to dissociation of the Rab5-Rab GDI comcan also be envisaged. For example, Rabex-5 recruited on the donor membrane may activate Rab5 on the acplex (Figures 6c and 6d) , presumably catalyzed by GDI displacement factors (Ayad et al., 1997; ceptor membrane. This scenario would imply that Rab5 is required on both fusion partners and would also be et al., 1997). Moreover, it would not be stably membraneassociated as suggested in previous studies (Soldati et consistent with the inhibition observed with recombinant Rabaptin-5. If the function of Rab5 was to lead to al., 1994; Ullrich et al., 1994) .
We could also envision a "clustering" effect, shown the assembly of SNAREs, as proposed for other Rab proteins (Lian et al., 1994; Søgaard et al., 1994) , this in Figure 7c , which implies that recruited Rabex-5 may act on neighboring Rab5 molecules. Upon membrane mechanism would also generate local clustering of SNARE complexes, increasing the stability of membrane recruitment of the complex by activated Rab5, Rabex-5 would stimulate GDP/GTP exchange on a second Rab5 docking and, eventually, leading to fusion. The requirement for an exchange factor coupled to molecule on the membrane, which, in turn, would recruit a second complex then activate a third Rab5 and so on.
an effector further highlights the dynamic nucleotide state of Rab5 on the membrane (Rybin et al., 1996) . This mechanism would trigger an amplification of Rab5 activation, resulting in local clustering of active Rab5
On the membrane, each component of this complex followed by washing of the beads with phosphate-buffered saline (PBS). For the large-scale immunoprecipitation, 160 mg of proteins Experimental Procedures from the AS0-30 fraction of bovine brain cytosol were incubated with 500 l of Protein A-agarose coated with 500 l of ␣-Rabaptin-5 Rab5 Ligand Overlay antiserum at 4ЊC overnight followed by washing of the beads with Proteins separated by SDS-PAGE and transferred to nitrocellulose buffer A containing 0.1% Triton X-100 and 0.5 M NaCl. Immunopre-(BA 85, Schleicher and Schuell) were renatured by incubation at 4ЊC cipitations using the ␣-p60 antibody were performed with the SR6 for 1 to 2 days in renaturation buffer (50 mM HEPES/KOH [pH 7.2], Rabaptin-5 peak using PBS as a washing buffer. . The MS/MS procedure was performed essentially as described Wilm et [w/v] Triton X-100, and 4 mM n-octylglycopyranoside) with 0.1 M prenylated Rab5 or Rab7 (Horiuchi et al., 1995b) , 0.5 M His-tagged al., 1996), except using 50% H 2
18
O in the digestion buffer, leading to a 50% incorporation of 18 O at the C terminus of the peptides Rab GDI (Ullrich et al., 1995) and 0.2 M [␣-32 P]GTP (400 Ci/mmol) (Dupont-NEN). The filter was then washed with washing buffer (20 during the digestion. The sequences of the peptides from p60 were read by comparing the isotopic pattern of fragments from two tanmM Tris/HCl [pH 7.4], 100 mM NaCl, 20 mM MgCl 2, and 0.005% Triton X-100) and exposed to X-ray film.
dem MS spectra of the same peptide. The first spectrum was generated from the 16 O/
O isotopic mixture and the second exclusively from the 18 O-peptide isotope. The comparison allowed the identificaIn Vitro Fusion Assays Two distinct enriched populations of early endosomes labeled with tion of fragments that contain the C terminus and therefore significantly speeded up the interpretation process. For Edman sequenceither biotinylated transferrin or a sheep ␣-human transferrin antibody were prepared from HeLa cells by sucrose sedimentation (Goring, the peptides were separated on a 1.6ϫ 250 mm Vydac C18 218TP column, and the separated peptides were sequenced on an vel et al., 1991). The basal fusion reaction consisted of the two enriched endosome populations incubated for 45 min at 37ЊC in the Applied Biosystems 494 precise protein sequencer. presence of 3 mg/ml of HeLa cytosol, unlabeled transferrin, and an ATP regeneration system (17.3 mM creatine phosphate, 87 g/ml Cloning of p60 creatine kinase, and 2.2 mM ATP). The fusion was quantified by Total mRNA from bovine brain (Clonetech) was used to generate incubation of the fusion mix with wash buffer (50 mM Tris [pH 7.5], an oligo(dT) primed cDNA library, to which adaptors were ligated 100 mM NaCl, 1 g/l BSA, and 2% [w/v] Triton X-100) and streptavidin-(Marathon cDNA amplification kit, Clonetech). Antisense oligonuclecoated magnetic beads (Dynal). After two washes in wash buffer, the otides were designed from the EST nucleotide sequence encoding samples were incubated with a rabbit ␣-sheep secondary antibody the peptide NLSLLSQLNERQER and used in conjunction with the coupled to a ruthenium trisbipyridine chelate (IGEN) and measured adaptor primers to amplify and nest the 5Ј end of the p60 cDNA. with an Origen analyzer (IGEN). The background signal (5% to 10%
The EST sequence encoded the full 3Ј end, as determined by the of the fusion signal) was deducted and the data expressed as the presence of stop codons in all reading frames, and antisense oligos percentage of the basal fusion reaction. The CCV-early endosome were designed to amplify and nest this region from the bovine brain fusion assay was performed in the same way with biotinylated transcDNA library. In order to minimize sequencing errors, the complete ferrin labeled CCV and ␣-transferrin antibody labeled early endocDNA sequence of p60 was determined after the sequence was somes.
amplified directly from mRNA using gene specific primers for both the 5Ј and 3Ј ends. Purification of the Rabaptin-5 Complex A homogenate of fresh bovine brains was centrifuged at 4200 ϫ g Rab5 Affinity Chromatography at 4ЊC for 50 min. The resulting postnuclear supernatant was then The Rab5 affinity chromatography was performed as previously decentrifuged at 100,000 ϫ g at 4ЊC for 60 min, further precipitated scribed , except that His-Rab5 was preloaded by 30% ammonium sulfate, and the precipitate dialyzed against with GTP␥S, GDP, or no nucleotide in low Mg ion condition and buffer A (20 mM HEPES/KOH [pH 7.2], 5 mM MgCl 2, 1 mM DTT).
then quenched by addition of MgCl 2 to a final concentration of 20 The sample (62.5 mg of total proteins) was separated by gel filtration mM prior to incubation with the ␣-Rab5 monoclonal antibody 4F11 on a 125 ml Superose-6 (SR6) column (Pharmacia) in buffer A concoupled to the Protein A-agarose column. The affinity chromatogrataining 100 mM NaCl and 2 ml fractions collected. The Rabaptin-5 phy with these beads was performed using buffer A containing 80 peak (SR6 fractions 28-32) of two runs was loaded onto a Mono Q mM NaCl as a washing buffer. 5/5 column (Pharmacia) equilibrated with buffer A containing 50 mM NaCl, and ten 2 ml fractions were collected. Thereafter, the proteins were eluted using a linear 50-330 mM NaCl gradient in buffer A GDP/GTP Exchange Activity Unless otherwise specified, the standard [ 35 S]GTP␥S-binding assay followed by 1 M NaCl in buffer A and 0.5 ml fractions collected. The Rabaptin-5 peak (Mono Q fractions 37-41) was incubated at 4ЊC for was performed by the filter method (Sasaki et al., 1990) by incubating 200 nM of prenylated Rab5 or Rab7 with 1 M of [ 35 S]GTP␥S (20,000 2 hr with 300 l of Ni-NTA agarose (Qiagen) equilibrated with buffer A. The beads were transferred to a 10 ml chromatographic column cpm/pmol) at 37ЊC for 10 min either with 5 mM of MgCl 2 (high Mg ion condition) or with 5 mM MgCl 2 plus 10 mM EDTA (low Mg ion (Bio-Rad) and washed with 15 ml of buffer A containing 10 mM imidazole (Ni wash fraction) and the Rabaptin-5 complex eluted with condition). For GDP dissociation, [ 3 H]GDP/Rab5 (20,000 cpm/pmol) was assayed as previously described (Horiuchi et al., 1995a) . 1 ml of buffer A containing 100 mM imidazole (Ni elution fraction).
[ 
